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Abstract 
Pdc Machines Inc, a manufacturer of industrial equipment for various different chemical 
industries desires to reengineer two facets of their existing diaphragm compressor line. In order 
to produce more efficient compressors that better fulfill their customer’s needs, the motor-
flywheel pairing which supplies power to compressors must be optimized, so as to require less 
energy and hence lower cost to the customer. In addition, the vibration, which occurs in finished 
compressors, must be reduced so as to allow smoother, quieter, and safer operation. 
The Senior Design team from Drexel University will complete this task through research 
and analysis. The optimization aspect of the project will consist of a specialized computer 
simulation that is refined through several iterations, to accurately model the behavior of various 
different compressors under various circumstances, and will allow for the determination of the 
optimum flywheel-motor pairing. The vibration-reduction aspect of the project will be achieved 
by using computer-aided data acquisition to analyze the vibration and determine its source. The 
group will then determine, through examination of the current balancing process, the cause of the 
vibration at this source. A comparison of the current process versus other processes currently 
used in the field of crankshaft balancing will allow the group to make recommendations as to the 
method that should be used by Pdc to correct the problem, which is causing the vibration. 
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I. Introduction 
A. Background: 
“Diaphragm compressors are currently operating in production applications, pilot plants, 
and laboratories around the world. They are handling a wide variety of gases and gas mixtures in 
numerous intermittent and continuous service applications1.” The diaphragm compressor was 
specifically designed to be more efficient and to eliminate the possibility of contamination of the 
compressed gas that the traditonal reciprocating piston compressors are subject to. This 
contamination occurs when the hydraulic oil mixes with the pressurized gas during the 
compression process. This creates yet another step where the oil and the pressurized gas need to 
be seperated2. In diaphragm compressors, this problem is eliminated by the use of a triple 
redundent diaphragm system which separtes the compressed gas from the oil. In addition, an 
advanced leak detection system is used, which allows the user to determine if the oil has leaked 
through any of the diaphragms. 
Pdc Machines Inc. is a leading diaphragm compressor manufacturer that strives to 
provide high reliability and low maintenance compressors to satisfy their customers difficult gas 
compression needs. Pdc’s diaphragm compressors demonstrate superior diaphragm life resulting 
from their unique cavity contour design, their diaphragm manufacturing process, and critical 
quality control. The unique design of the compressors allows high-purity and expensive gases to 
be processed without any contamination losses because the gases are totally isolated and have no 
contact with hydraulic, lubricating, or cooling fluids throughout the compression process. These 
leak-tight features also serve to protect the health of the workers, maintain a safe operating area, 
and the protect the environment3. An assembled Pdc diaphragm compressor, along with pictures 
of individual components can be viewed in appendix A. 
How does a Pdc diaphragm compressor work? The diaphragm compressor is powered by 
an electric motor of output between five and twenty horsepower. The motor drives a flywheel 
through a linkage of three belts in parrallel. As the flywheel rotates, it rotates the custom 
crankshaft within a specifically designed crankcase. The rotation of the crankshaft then causes 
the conecting rod and this primary piston assembly to reciprocate, much in the same way it does 
in an automobile engine. Attached to the top of the primary piston assembly is a smaller 
secondary piston which also reciprocates, moving back and forth in a close-tolerance bore, acting 
like a plunger in a syringe. This secondary piston exerts pressure on the oil in a specially 
designed cavity. This oil then exerts pressure on a diaphragm assembly which deflects upwards, 
exerting pressure on the gas on the 'worked' side of cavity. This pressurizes the 'worked' gas to 
the desired output pressure, at which point a valve opens to allow this pressured gas to exit. 
Please see the figure for an explaination of the compression process that takes place within the 
cavity. 
The illustration below shows the compressor head, within which the cavity and diaphragm 
are housed. Oil, acting as the working fluid, fills up the red area of the cavity which in turn 
forces the diaphragm upward in a convex form, compressing the gas (the worked fluid) in 
the blue area. The size and shape of the cavity are carefully controlled so that the upward 
movement of the diaphragm completely evacuates the upper cavity. 
Figure 1: Compression Cavity 
B. Problem Statement: 
In keeping with current industry trends towards increased efficiency and reduced power 
consumption, Pdc is striving to optimize the design of their diaphragm compressors. A key step 
in this process is to properly size the electric motor and flywheel, which acts to smooth out the 
jerking motion caused by the approximately sinusoidal load created by the motion of the piston 
and crankshaft. 
In order to run their compressors with the highest efficiency possible, PDC needs a way 
to determine how small they can make the motor that drives their compressor, without adversely 
affecting the operation of compressor. Incomplete compression, vibration, sputtering, stall, and 
decreased motor life are unacceptable. To achieve this efficiency for various different 
compressor sizes and specifications, Pdc requires a computer simulation, based on engineering 
analysis, which will effectively model the real-life behavior of the diaphragm compressor and 
allow them to select the components that will result in the highest efficiency. This model will 
take into account multiple variables, and provide feedback as to the effect of these variables on 
the compressor cycle. The model will be used as a guide to determine the optimum motor and 
flywheel pairing; one which will allow the compressor to meet the output requirements while 
operating with the smallest power consumption. 
In addition, Pdc desires a way to eliminate the crankshaft vibration that occurs in their 
diaphragm compressors. The method of balancing used on their crankshafts must undergo 
examination, and with it an analysis will be conducted to determine the cause of this vibration. 
This will consist of several components including an examination of current methods used in 
dynamic balancing, as well as potentially modeling the effect of different parameters on the 
vibration generated. 
C. Projects Constraints: 
Pdc does not intend to alter or change its overall compressor design in any way; instead 
they require a thorough analysis of their existing compressor design. Since no alterations or 
modifications are to be made on the compression system, our group is strictly bound to the limits 
of the existing compressors. However, Pdc has stated that it has no objections to machining 
different size flywheels and changing the size, power rating and capabilities of the motor and 
pulley setup for the flywheel optimization analysis. Although the flywheel size can be changed 
the overall design must be based on the original Pdc flywheel design specifications. As for the 
crankshaft balancing, Pdc believes that their current method for balancing may need revision; 
therefore they are willing to allow a change in the overall grind of the crankshaft. 
Also, Pdc desires the team to solve the entire problem by way of calculations and visual 
observation rather than through the use of testing equipment. However this initial constraint is 
subject to change due to the accuracy requirements of the analysis. Since Pdc desires the most 
accurate results possible, the best way to achieve this would be through the use of a series of lab 
equipment such as, a tachometer, data acquisition software and an oscilloscope. The main 
concern that exists however is the way in which the equipment will be attained. First, in hopes 
that Pdc will purchase the equipment, we intend to conduct a presentation in which we will 
discuss the overall cost and efficiency of each of the equipment. Second, our advisor has offered 
to pay for the equipment if the particular model purchased is of high quality, therefore allowing 
him to use the equipment in his laboratory analysis. Lastly, our group could discuss the dilemma 
with the Mechanical Engineering Department, and reach an agreement on how to obtain or 
borrow school equipment. 
II. Statement of Work 
A. Research and Conceptualization: 
In order to determine what systems of analysis are effective for determining the optimum 
flywheel-motor pairing, we researched the different approaches to modeling the physical system 
of a piston-cylinder device, as well as the operation of a compressor as a thermodynamic device. 
We found various models that had been created using existing computer software, as well as an 
abundance of literature about the operating parameters of a piston-cylinder device and the 
equations used to describe it. 
In preparing to examine the method currently used for crankshaft balancing by Pdc 
Machines, and determine its advantages and disadvantages relatives to other balancing 
techniques, we researched the techniques currently used by the manufacturers of crankshafts in 
the industrial machine and automobile industries. We were able to consider an array of different 
technologies varying both in complexity and cost, and from this were able to determine which 
technologies were suitable for the scale and budget of the project. 
B. Design and Experimentation: 
To optimize the flywheel-motor system, we have two methods of approach. The first 
method being a software-based simulation, and second being Mathematical Analysis. 
The software approach would involve the group using an existing software package such as 
ADAMS or Working Model. These software packages are based around a computer environment 
that attempts to replicate the constraints of the natural world on components set it in the 
environment, and are quite comprehensive, with the ability to model the effects of many different 
phenomena. Software simulations can save time and effort, as well as prevent errors by reducing 
the number of tedious hand calculations that must be performed. In addition, the simulation’s 
ability to “crunch numbers” faster than the group members would able to do ‘by hand’ will allow 
more scenarios to be evaluated and the effect of more variables to be understood. Upon 
accumulation and analysis of data from the computer simulation, the group would test the 
validity of the computer model by comparing its results to those found by running the actual 
compressor with the selected components. 
Our other option is to perform a mathematical analysis. In this analysis, we would 
develop a system of equations that would accurately represent the forces at work in the physical 
system. This system of equations would be solved using the techniques we have learned in our 
engineering curriculum. These equations, once solved, would provide us with the answer to the 
question of which components should be used in order to optimize the compressor setup. Again, 
once these equations have been established, their validity will be tested by comparing the results 
of the equations for various points in the compressor cycle to those values attained during tests of 
the actual compressor unit itself. 
For the Vibration Analysis we will be conducting an investigation of the method currently used 
by Pdc to balance their crankshafts. This will involve an examination of the basic principles of 
shaft balancing and how Pdc’s techniques serve to utilize these principles. In addition, an error 
analysis of the current method will be conducted, identifying how Pdc’s equipment or methods 
fail to produce the desired results. 
The error analysis would include analysis of the crankshaft vibrations that occur while 
the compressor is running, after the crankshaft was balanced using the current balancing system. 
We would need to use this equipment to determine sources of the vibration and then through this 
analysis determine causes of the vibration and develop ways to counteract these problems. 
C. Decision and Design: 
Our decision with respect to the Flywheel Optimization aspect of the project will be a 
complete, updated, refined model, which will allow Pdc to determine the optimum flywheel and 
motor pairing for not only the specific compressor we analyzed, but for virtually any compressor 
in their production array. This will be done by constructing the model so as to allow for a wide 
variety of variation in parameters, such as compressor flow rate, output pressure, number of 
cylinders, and primary and secondary piston size which vary according to pressure. Our initial 
model will likely need to be updated and revamped after its output it compared with the results 
of real-world testing, as we will be unlikely to account for all frictional losses and internal forces 
perfectly the first time. This revamped model, once accurate enough to meet Pdc’s approval, will 
then be submitted as the final product for this aspect of the project. 
With respect to the vibration analysis, we will submit the results of a direct physical 
analysis of actual working compressor as measured using accelerometers and data acquisition 
software. This analysis will help to pinpoint the source of the vibration as well as indicate which 
‘direction’ we need to move in order to eliminate this vibration from the assembly. Based on the 
physical analysis, as well as investigation of Pdc’s current crankshaft balancing techniques, we 
will also submit an engineering analysis of the theory behind and quality of application of the 
various balancing techniques Pdc currently utilizes. We will contrast these techniques to those 
used by other crankshaft manufacturers and provide a cost-benefit analysis to outline the 
possibilities for advancement in this facet of the overall compressor design. 
D. Alternative Solutions: 
There are two parts to the investigation of this project, the first of which is the flywheel 
optimization. Rather than engineer and model the best possible size for the flywheel, the team 
could use a trial and error method of solving the problem. This process would prove to be much 
more expensive as each different flywheel must be machined and installed before it can be 
tested. This takes time and money, and is obstructive to the team’s success. This method of 
guessing is referred to as a non- engineering approach because instead of taking an educated, 
analytical approach it relies on the concept of progressively more accurate guesses. The non-
engineering method is not economical and not the team’s first choice of approach. 
The second part of the project is to balance the crankshaft. Our approach consists of an 
analysis using computer controlled data acquisition, with the inputs being from an accelerometer 
and an amperage meter. Alternates in this component of the project are rather limited due to the 
very small scale on which the vibrations occur; it would be quite difficult to accurately measure 
vibration without the use of computer technology. The alternative to computerized Data 
Acquisition is the use of very primitive vibration-measuring equipment, such as the seismograph. 
In our case, it would be necessary to construct an improvised seismograph, with a stylus 
mounted on the vibrating machinery and the drum of paper mounted in the position and rotating 
fast enough to record all the vibrations for later analysis. An option that involves virtually no 
preemptive data analysis, trial and error methods would not be reasonable due to the time 
element the team has to compete with as well as the waste of materials and possible injury from 
uncontrolled motion of the mechanical components. Another, but again impractical approach to 
finding vibrations in the system would be to use the engineering software equipment stated 
earlier to simulate the motion of the compressor. This approach would be unsuccessful however, 
because the imbalances of the physical system that result in vibration cannot be supplied by 
computer simulation and must be created by the programmer; the creation of these effects 
however requires knowledge as to their origin, knowledge which cannot be obtained without 
otherwise examining the sources of vibration. 
There are multiple variables involved in this optimizing that are to remain unchanged, at 
the request of the company. The crankshaft offset, for example, must remain as is because of the 
prohibitively high cost of redesigning the manufacturing process by which the crankshafts are 
cast/forged. 
III. Project Management Timeline 
In order to facilitate a smooth and orderly progression from the beginning of the project 
to completion, proper planning is essential. In order to aide in the planning, it has become 
standard practice to construct a Gantt chart, which shows the tasks necessary to complete the 
project, in the order they will be done, the people who will be responsible to do them, and the 
projected length of time necessary to complete each task. 
Our Gantt chart is located in Appendix B. 
IV. Economic Analysis 
Our project requires specialized hardware as well as software to operate. As the software 
package “Lab view” is available for student use at Drexel, the cost for software will be minimal, 
being as the $1000.00 lab fee is included in tuition. Major costs for this project will include the 
purchase of Data Acquisition (DAQ) equipment. This includes a DAQ Card with built in analog-to-
digital converter, an accelerometer, and a tachometer. The total cost of the data acquisition 
equipment, as estimated by our cost-comparisons, is $1690. This estimate of cost is for the most 
basic specialized accelerometer equipment available from National Instruments; the maker of the 
Labview. The accelerometer is a basic single-axis model from a German firm called Scantek. A 
detailed expense sheet can be viewed in the Appendix C. A basic spec sheet on the requested 
equipment can be found in Appendix D. 
Currently PDC Machines is using an outdated and ineffective method to balance crankshafts 
used in diaphragm compressors. Our project includes researching the most optimum and current 
balancing methods. Once an optimum method is chosen, it may be implemented, and become part 
of the manufacturing process. Research is also required to provide a solution for proper flywheel-to-
motor selection. Once both stages of the problem are resolved, it will provide PDC with an 
optimized manufacturing process. This will translate into a better product, more satisfied customers, 
and increased capital. 
V. Budget 
The design and manufacturing budget for this project includes only the items essential for the 
completion of the core project. Items such as transportation expenses, pens and pencils are not 
included as they will not be purchased specifically to complete the project. A basic chart of our 
anticipated software and hardware costs is shown in Appendix C. 
Being as the software is licensed to Drexel University and available to us as students, the 
software cost will be paid by our tuition in the form of lab fees. The hardware cost however, will 
have to be taken on by either Pdc Machines or Drexel’s MEM department. The above listed are not 
the only components that could be used to complete the project, and the possibility exists that the 
group might borrow the necessary equipment, or find alternatives allowing the cost of the project to 
decrease. 
VI. Societal and Environmental Impact Analysis 
This project deals with the creation of software and analysis tools for a very specific 
clientele. The compressor model for flywheel-motor optimization might appeal to those companies 
in the field who produce similarly designed diaphragm compressors, but beyond that it does not have 
a wide societal appeal. Being as this project is commissioned by Pdc Machines, it would only 
become available to other manufacturers in the industry if Pdc chose to share the analysis tools or 
license the simulation to other parties. The crankshaft-balancing component of the project, while 
having the potential to appeal to crankshaft manufacturers in various industries is unlikely to result 
in any new balancing techniques, as it is mainly an analysis of Pdc’s specific techniques as 
compared to well-established techniques currently in widespread use. 
This project is likely to have little environmental impact. The increased efficiency of the 
compressors could be considered to be beneficial to the environment in that the greater trend towards 
increased efficiency in industry coincides with an effort to decrease the depletion of fossil fuels and 
other natural resources. In addition, the more effective and efficient these compressors become, the 
greater the likelihood they will replace other types of compressors; those more prone to 
contamination and leakage, which adversely effects the overall environment. 
VII. Conclusion 
It is the desire of Pdc to improve their Diaphragm Compressors by reengineering two 
facets of their existing design; the motor-flywheel pairing, and the balance of their custom 
crankshafts. These aspects will undergo analysis followed by modeling through computer 
simulation, and then experimentation to verify to accuracy of the simulations. 
The use of computer data acquisition software in conjunction with accelerometers and 
other instrumentation will allow more accurate data collection than would possible through non-
computerized methods. This more accurate data will in turn lead to more accurate simulations, 
and more efficient movement towards the optimization of Pdc’s compressors. 
The success of this project will be determined by the quality of the acquired data, as well 
as the ability of the team members to incorporate this data so as to make each iteration of the 
simulation software progressively more accurate in it’s representation of the actual compressor 
as a physical system. The availability of the compressor itself will also play a large role, as 
periodic testing will be essential in allowing the team to confirm the validity of its analyses. 
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Appendix A: Images from Pdc Machines Facility 
All images used with consent from Pdc Machines Inc. 
Figure 2: Diaphragm Compressor 
This assembled diaphragm compressor was examined by the group during our second visit to 
Pdc. It is a dual-stage Hydrogen compressor with two horizontally-opposed cylinders. It is driven 
by a 10hp electric motor through a three-belt-parallel drive system. The unit represents a mid-
sized compressor in Pdc’s production line. 
Figure 3: Crankcase and Cylinder 
This photograph shows a single-head compressor in the process of being assembled. This is the 
type of compressor being modeled by the group as the basis for the flywheel-motor optimization 
aspect. It will also be the compressor upon which the vibration analysis is conducted. 
Figure 4: Top-Down View of Primary Cylinder 
This photograph shows a top-down view of the primary cylinder, with the crown of the primary 
piston shown at the bottom of the cylinder as well as the ring assembly and mounting screws that 
affix the secondary piston to the top of the primary piston. Visible at the top of the secondary 
piston is the finish-ground portion, which is precision machined to eliminate the need for O-
rings. 
Figure 5: View Through Crankcase 
Visible in this photograph is the crankshaft of the single-cylinder compressor, as well as the 
connecting rod. This view through the crankcase would be visible through a port on the left side 
of the case as the crankcase is shown in Figure 3. 
Figure 6: Compressor Head Machining 
This photo shows a recently machined upper compressor head. Visible is the recessed cavity 
within which the diaphragm deflects, as well as the hole array, which constitutes the path of the 
gas through this half of the head to the inlet and outlet block valves. These valves are installed on 
the other side of the head. The slab on the right side of the image is awaiting machining, where it 
will be become the matched lower half of the compressor head. 
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Appendix C: Engineering Design Costs Chart 
Engineering Design Costs 
Description 
Software Fees 
(Lab Fees) 
Hardware 
Items 
ProEngineer 
ProMechanica 
LabView 
Microsoft Office 
NI SCXI-1530 CARD 
SCANTEK KD37V 
Accelerometer 
# in 
Group 
4 
1 
1 
Unit Cost 
$250 
$1495 
$195 
Adjusted Cost 
$1000.00 
$1495.00 
$195.00 
TOTAL $2690.00 
Table 2: Engineering Design Costs 
The above chart shows the major costs we expect to incur for that are directly 
necessary for the completion of the project. These costs include the software and 
hardware that will be necessary for the analysis we plan to conduct. 
Appendix D: Requested Hardware 
Figure 7: Accelerometer Module Basic Specs 
Below, some basic specifications are shown for the Specialized Accelerometer Input Module 
from NATIONAL INSTRUMENTS. http://www.ni.com This board contains hardware to replace 
the analog to digital converter, allowing it to sample analog signals, while serving as well as the 
Data Acquisition Board to allow this information to be input in to the computer. 
NI SCXI-1530 
4-Channel Accelerometer Input Module 
I?? Questions? Call (800) 531-5066 
• Programmable gain per channel (1, 10, 100) 
• Programmable lowpass 4-pole Bessel filter per channel 
(2.5, 5, 10, and 20 kHz) 
• 4 mA current source, 24 V compliance 
• IEPE signal conditioning 
• Simultaneous sampling; BNC direct connectivity 
• NI-DAQ driver software simplifies configuration and 
measurement 
Data Sheet and Specs (PDF) 
Larger Picture 
Part Number Description Days US Dollars Qty 
NI SCXI-1530 Products 
777966-30 SCXI-1530, 4-Channel ICP Accelerometer Module 10 $ 1,495 
0 
Figure 8: Accelerometer Basic Specs 
Below, some basic specifications are shown for the accelerometer input device itself, a model 
from SCANTEK Inc. http://www.scantekinc.com/mmfaccel.htm This accelerometer is a simple 
single-axis accelerometers, which, used to in conjunction with the data acquisition board and 
National Instruments Labview, will allow the group to model the waveform of the vibration 
occurring in the compressor, specifically due to crankshaft imbalance. 
KD37V, KD38V, KD41V, KD42V 
From $195, $245, 195, & $250 (introductory prices) 
• Low-cost precision accelerometers with 
compression ceramics 
• ICP ® compatible output allows long cables under 
harsh EMI conditions 
• Sturdy stainless steel housing 
• M5 mounting thread in base 
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